The exciting features of carbon nanotubes (CNTs), such as high elastic modulus, high thermal and electrical conductivities, robustness, and nanoscopic surface properties make them attractive candidates for the cement industry. They have the potential to significantly enhanceengineering properties. CNTs play an important and critical role as nano-anchors in concrete, which enhance the strength by bridging pores in the composite matrix, thereby ensuring robust mechanical strength. The diameter, dispersion, aspect ratio, and interfacial surface interaction of CNTs affect the physical and mechanical properties of concrete, if due care is not taken. In this paper, the usable amount of CNT is scaled down considerably from 0.5% to 0.025% by weight of the cement and the fluctuation caused by these phenomena is assessed. It is observed that the properties and exact quantities of incorporated CNTs influence the hydration and consistency of the composites. In order to address these issues, the surface functionalization of CNTs and rheological studies of the composites are performed. The hydration products and functional groups are carefully optimized and characterized by using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and a Zeta potential analyzer. For Mixes 6 and 7, the compressive and tensile strength of CNTs incorporated in mortar specimens caused 77% and 48% increases in split tensile strength, respectively, and 17% and 35% increases in compressive strength, respectively, after 28 days of curing and compared withthe control Mix.
Introduction
The first awareness about carbon nanotubes (CNTs) was brought to the scientific community in 1991 by Iijima [1] , and, two years later, a single-wall CNT was discovered [2] . Although the last decade has witnessed the development of nanotechnology in various fields such as space, energy, health, and environment, the nanomaterial industries based on 0D (zero dimension), 1D, and 3D materials are still in their infant stage and only few have been studied [3] [4] [5] . CNTs were considered a new and outstanding material with great potential applications in composites technology [6, 7] . CNTs possess covalent sp 2 bonds between individual carbon atoms and an ultra-high mechanical strength with Young's modulus of 1.2 TPa [8] . It is important to note that the tensile strength of CNTs [9] is nearly 100 times higher than that of steel [10] . Based on their indices (n, m) CNTs are classified as either metallic, semi-conducting, or a small-gap semi-conductor, mainly depending on the diameter and chirality. The carbon atoms in CNTs are arranged in a periodic hexagonal manner with a cylindrical shell shape and are classified as single-walled nanotubes (SWNTs) or multi-walled nanotubes (MWNTs) [11] . Recently, Mehta's group published a review on the consequences of CNTs on the properties of cement mortars, which evidently shows that numerous attempts have been made by various authors towards enhancing the compressive strength, flexural strength, microstructure, Young's modulus, and porosity of cement-CNT composites [12] . The effect of the addition of CNTs to cement-based materials was also investigated to effectively change their brittleness and developmaterialswith superlative mechanical properties [13] [14] [15] [16] [17] . Besides all the benefits, certain issues such as poor dispersion, high entanglement with matrix, agglomeration, interfacial strain transfer, lack of functional sites, etc., limit the global use of CNTs. This remains the challenge for high performance composite applications [18] [19] [20] [21] . Many studies in the recent past have demonstrated the compatible dispersion, surface functionalization, andchanges in surface energy of the nanotube with the goal oftapping the tremendous potential of CNTs as a reinforcing material for high performance cementitious composites [11, [22] [23] [24] [25] .
As reported in previous studies, it is described that although surface treatment of CNTs via chemical modifications to create the carboxyl surface increases the mechanical strength, some studies have proved anegative impact on the strength properties [26] . This is mainly due to the chemicals used for functionalization, which degrade the mechanical properties of CNTs. This also creates many uncertainties and uncontrolled variables when mixed with concrete. Also, various polymers or water are used for the dispersion of CNTs with the help of ultrasonication [27] [28] [29] [30] [31] [32] [33] [34] . A detailed report on the effect of the functionalization of CNTs for the use of concrete/mortar by various research groups was discussed by Krause et al. [35] . It is also reported that chemical treatments are environmentally unfriendly, which can harm the hydration products resulting inreduced mechanical strength. Hence, polycarboxylic (PC) based dispersing and functionalizing agents are employed in the present study for creating functionalized CNTs (f-CNTs). Reports available on the use of PC-based functionalizing agents to create f-CNTs for enhancing the mechanical properties of mortar/concrete are very scanty. One of the important factors to be noted in choosing PC is its high compatibility with cementitious matrices. Hence, it is expected that it will not harm the environment of the mortar/concrete during strength development. Proper dispersion and mixing methods are the prime parameters responsible for well-coordinated contact between the hydration products and MWCNTs. At this time, chemical and physical modifications are the two important techniques largely used for CNT dispersion [36] . It is proven that the use of polycarboxylic-based superplasticizer as a functionalizing agent for CNT/cement composites enhances the mechanical strength through uniform dispersion with negligible agglomeration. Improvement in the flexural strength has also beendemonstrated [37] .
In this study, an efficient strategy is proposed to improve the mechanical properties of the CNT-cement nanocomposites using functionalized CNTs during hydration. This has also been compared with non-functionalized CNTs. The microstructural investigation of the nanocomposites reveals that CNT helps in filling upmicro/nano pores between the calcium silicate hydrate (CSH) and ettringite during the process of hydration, which is in agreement with previous studies [34, [38] [39] [40] [41] [42] . It is also envisaged that providing an adequate force between CNTs and the composite matrix is essential, which provides information for better understanding of the load transfer mechanisms in composite materials. The effect of highly dispersed functionalized CNTs on the mechanical properties of cement mortar composites is also demonstrated in this study. 
Experimental

Materials
MWNTs with a diameter of 15 ± 5 nm and length of 1-5 micronswere employed in the investigation, and were procured from M/s NanoShell, USA. In essence, the structure of MWNTs is an array of multiple concentric nanotubes precisely nested within one another. PC based superplasticizer was chosen based on its comparable compatibility with the cement matrix and the active non-polar groups within the molecule. Ordinary Portland Cement (OPC) 53 grade and fine aggregates passing through 2.36 microns, conforming to the requirements of IS:12269 and IS:383, were used as binding and filler materials. Potable water was used for mixing throughout the study.
Surface Functionalization of CNTs with PC
Proper functionalization methods are required to achieve absolute efficiency of cement-CNT composites. In this study, the ultrasonication method was chosen for surface functionalization of CNTs with PC superplasticizer, a compatible polymer. During ultrasonication, particles in a solution are agitated to form a colloidal dispersion due to the action of ultrasound energy. The sonicator used in this study was procured from M/s Ultrasonics, USA, and has an adjustable amplitude ranging from 20% to 60% and a power of 700 W at 20 Hz. Before starting the sonication, the PC was diluted to reduce its viscosity according to the water/cement (W/C) ratio, as presented in Table 1 . Thereafter, the required amounts of diluted PC and CNTs were taken in a beaker, dispersed via hand stirring, and kept under ultrasonication for 2 h. A probe with a diameter of 1.1 cm and length of 7 cm was used for dispersion of the colloidal nanocomposites. The cut-off ratio to control the temperature was kept at 2 min witha break ineach 20 min agitation. An ice-bath was used to control the agglomeration of nanotubes due to heat dissipation during the operation, which also maintained the solvent viscosity. All these parameters were chosen based on the optimization studies conducted at various stages.
Characterization
In order to confirm the response surface created on the CNTs through functionalization, zeta or surface potential measurements were carried out. In the case of functionalized CNTs (f-CNTs), measurement was carried out after the functionalization, whereas for non-functionalized CNTs (nf-CNTs), zeta potential was measured after sonicating the CNTs in an aqueous medium only for 2 min. The zeta potential was calculated using Malvern Instruments Ltd., Malvern, UK, according to the Henry equation by using the Smoluchowski approximation. A Transmission Electron Microscopy (TEM) study was conducted to ensure the non-agglomeration of chelated and surface-activated f-CNTs. An accelerating voltage of 300 kV, with the aid of a Hitachi H-9500N instrument (Hitachi Ltd., Tokyo, Japan), was used for TEM study. X-ray diffraction (XRD) (Bruckner Group GmbH, Karlsruhe, Germany), fourier transform infrared spectroscopy (FT-IR), and scanning electron microscopy (SEM) were collected after 1 day, 7 days, and 28 days of hydration.
Powder X-ray diffraction data of prepared materials were collected on a Bruker D2 Phaser Desktop X-Ray Diffractometer (30 kV and 10 mA) equipped with Ni-filtered Cu Kα radiation (λ = 1.542 Å). Data were captured over the range of (2θ) 5 to 70 • with a step size of 0.0017 anda scan rate of 7 • /min. FT-IR (Nicolet 6700) (ThermoFisher SCIENTIFIC, Waltham, MA, USA) studies were conducted in the frequency region of 4000-400 cm −1 in the transmittance mode.SEM (Tescan Vega-3 instrument) (TESCAN, Brno, Ceska Republika) studies were performed to assess the morphological changes of hydration products.
Mechanical Characterization of Cement CNT Mortars
A mechanical strength characterization of f-CNTs and nf-CNTs incorporated into cement mortar specimens was carried out. Here, Mix 3 to Mix 5 and Mix 6 to Mix 8 represent the cement mortars with non-functionalized and functionalized CNTs respectively. The mixes used for casting the mortar Table 1 . Control specimens werealso cast for comparison purposes. The cement to sand ratio was kept at 1:3. The water to cement ratio was arrived at based on the consistency and setting time carried out for the corresponding mixes as per IS 4031. The CNTcontent was arrived at by weight of cement used. Special consideration was given during the mixing of cement with CNTs. The dimensions of the mortar cube specimens were 50 mm × 50 mm × 50 mm, and cylinder specimens were 75 mm × 150 mm, for evaluating the compressive and split tensile strength after curing for 3, 7, 14, 28, 45, and 56 days. The tests were conducted using a 2000 kN capacity universal testing machine (UTM). During split tensile measurements, plywood strips of suitable thickness were placed between the specimen and loading plates of the UTM to avoid high compressive stress at the points of application of load. The rate of loading applied for the compressive and split tensile strength tests was 0.6 kN/s and 1.2 kN/s, respectively. Each testing involved at least six different specimens at the respective days. 
Results and Discussion
Morphological Studies
TEM images of f-CNT and the Zeta potential distributions of f-CNTs and nf-CNTs are shown in Figure 1a ,b, respectively. The typical electro-kinetic potential obtained for f-CNTs present in Mix 6 was −14.9 mV, as shown in Figure 1b , whereas for nf-CNTs present in Mixes 3, 4, and 5, it was −6.33 mV, −5.77 mV, and −5.38 mV, respectively. Enhancement of surface potential is an indication of possible attachment of CNTs with active non-polar groups present in the PC molecule, which effectively chelates or disperses CNTs [11] .
In the case of nf-CNTs, surface potential is reduced by increasing CNT content, which is indicative of the agglomeration of nanotube bundles. Further, no sedimentation is noticed after functionalization of f-CNTs as present in Mix 6 compared to other f-CNT mixes. Hence, the zeta potential value for Mix 6 is taken as reference for indicating the surface potential enhancement of f-CNTs as shown in Figure 1b . The TEM image of the same mix is shown in Figure 1a , which is evidence for non-agglomerated and highly dispersed f-CNTs. For the other f-CNT mixes, little agglomeration is noticed from TEM study. It is observed from the studies that effective functionalization and surface enhancements on CNTs are possible through the selection of a suitable chelating agent and adopting optimized sonication methods. The typical sketch of possible interaction of f-CNTs with water and PC is shown using schematics in Figure 2a The hydration products formed during the hydration at 24 h, the 7th day, and the 28th day for all mixes were evaluated using XRD analysis (Figure 3) . Identification of XRD patterns of hydration products were carried out with the International Crystal Diffraction Database (ICDD) software. XRD analysis of the hydration process clearly depicts the formation of hydration products at various intervals. Due to the limitation on identification of amorphous substances through XRD, it is not The hydration products formed during the hydration at 24 h, the 7th day, and the 28th day for all mixes were evaluated using XRD analysis (Figure 3) . Identification of XRD patterns of hydration products were carried out with the International Crystal Diffraction Database (ICDD) software. XRD analysis of the hydration process clearly depicts the formation of hydration products at various intervals. Due to the limitation on identification of amorphous substances through XRD, it is not The hydration products formed during the hydration at 24 h, the 7th day, and the 28th day for all mixes were evaluated using XRD analysis (Figure 3) . Identification of XRD patterns of hydration products were carried out with the International Crystal Diffraction Database (ICDD) software. XRD analysis of the hydration process clearly depicts the formation of hydration products at various intervals. Due to the limitation on identification of amorphous substances through XRD, it is not possible to detect the calcium-silicate-hydrate gel (C-S-H), a main hydration product of cement. However, crystalline hydration products of cement can be analyzed. In XRD spectra, hydration products such as ettringite (e), portlandite (P), tricalcium silicate or alite (a), dicalcium silicate or belite (b), and tetracalcium aluminoferrate (C4AF) are denoted. possible to detect the calcium-silicate-hydrate gel (C-S-H), a main hydration product of cement. However, crystalline hydration products of cement can be analyzed. In XRD spectra, hydration products such as ettringite (e), portlandite (P), tricalcium silicate or alite (a), dicalcium silicate or belite (b), and tetracalcium aluminoferrate (C4AF) are denoted. It is observed that in Mixes 6 to 8 at 24 h, ettringite (C6AS3H32) and portlandite (Ca(OH)2) have formed as indicated at 2 theta of 14 and 28, respectively. At the same time, it can be inferred that on the 7th day of hydration, a decrease in the peak intensity for Mixes 6 and 7 occurred. On the 28th day of hydration, it can be observed that the peak intensities attributed to the alite and belite phases decrease, which indicate the conversion of unhydrated phases into hydrated phases [43] .Also in Mixes 6 and 7 (on the 28th day), the appearance of a new peak at 2 theta 39 indicates aluminosilicate formation.A well refined and highly intense portlandite peak at 2 theta 18 for Mixes 6 and 7 (on the 28th day) indicate the effective hydration of the respective mixes [43] .They indicate the enhanced reaction of Ca + ions and Ca(OH)2, resulting in high C-S-H gel formation, which obviously reduces the porosity that occurred during hydration. The above characteristics are absent in Mixes 3 to 5, which may be due to the agglomeration effect of nf-CNT during the course of hydration, which hindered the hydration process. It is also evident from the XRD spectra of Mix 8 that, due to the higher CNT content, the growth of hydration products was affected and hence C-S-H conversionwas reduced. This happened mainly due tothe bundling effect of CNTs, which hindered the hydration product formation. The bundling effect is discussed in detail with the support of SEM analysis. Hence, XRD analysis of the cement-CNT nanocomposites showed that the addition of properly functionalized CNTs has a positive impact on the process of hydration, which directly influences mechanical properties.
By considering the limitations of XRD on the detection of main hydration product C-S-H, FT-IR analysis was conducted for analyzing the hydration products; this is shown in Figure 4 It is observed that in Mixes 6 to 8 at 24 h, ettringite (C 6 AS 3 H 32 ) and portlandite (Ca(OH) 2 ) have formed as indicated at 2 theta of 14 and 28, respectively. At the same time, it can be inferred that on the 7th day of hydration, a decrease in the peak intensity for Mixes 6 and 7 occurred. On the 28th day of hydration, it can be observed that the peak intensities attributed to the alite and belite phases decrease, which indicate the conversion of unhydrated phases into hydrated phases [43] . Also in Mixes 6 and 7 (on the 28th day), the appearance of a new peak at 2 theta 39 indicates aluminosilicate formation. A well refined and highly intense portlandite peak at 2 theta 18 for Mixes 6 and 7 (on the 28th day) indicate the effective hydration of the respective mixes [43] .They indicate the enhanced reaction of Ca + ions and Ca(OH) 2 , resulting in high C-S-H gel formation, which obviously reduces the porosity that occurred during hydration. The above characteristics are absent in Mixes 3 to 5, which may be due to the agglomeration effect of nf-CNT during the course of hydration, which hindered the hydration process. It is also evident from the XRD spectra of Mix 8 that, due to the higher CNT content, the growth of hydration products was affected and hence C-S-H conversionwas reduced. This happened mainly due tothe bundling effect of CNTs, which hindered the hydration product formation. The bundling effect is discussed in detail with the support of SEM analysis. Hence, XRD analysis of the cement-CNT nanocomposites showed that the addition of properly functionalized CNTs has a positive impact on the process of hydration, which directly influences mechanical properties. By considering the limitations of XRD on the detection of main hydration product C-S-H, FT-IR analysis was conducted for analyzing the hydration products; this is shown in Figure 4 . The bands at 1000 cm −1 , 3643 cm −1 , 1110 cm −1 , and 560 cm −1 for all the mixes confirmed functional groups like C-O stretch, O-H stretch, Si-O, and poly sulphides (−SO 3 2− ).The band at 970 cm −1 denotes C-S-H gel [43, 44] . For the nanocomposite mixes, the band intensity of the -OH group is lower at 3643 cm −1 .
The decrease in intensity of the band at 3643 cm −1 for Mixes 6 and 7 in all three days of selected hydrations indicates the possible interaction of -COOH or C-OH present on CNTs and portlandite.
with hydration products of composites filled the thermal crack that occurred during the setting process. Further, it can be observed in the highlighted circle that a nested formation of cage-like structure occurred at 24 h of hydration in the same mix. This is evidence for the proper dispersion and chelation of CNTs, when functionalized with superplasticizer.
• Further, while comparing Mixes 5 and 7, it can be observed as indicated by the highlighted circles that, in the former case, bundles of CNTs appeared in agglomerated form due to the lack of functionalization. However, in the latter case, a well-co-ordinated and uniformly dispersed f-CNTs-hydration matrix is observed. This proves the effective functionalization of CNTs during cement hydration and its role as a filler and crack-bridging agent, thereby enhancing mechanical strength. Since the durability of the cement composites are largely affected by the presence of the pores or cracks formed at the early stage of hydration, it is necessary to create an in-situ filler or crack-bridging agent, which will automatically take care of the durability of the composites. The observations made in the present study also support the role of f-CNTs as in-situ filler as well as a crack-bridging agent. Hence, the durability of the above composites is taken care of. SEM images showing the hydration of cement-CNT nanocomposites at different time intervals such as 5 h, 24 h, day 7, and day 28 are shown in Figures 5-8 . From SEM images, the following are observed.
•
For Mix 1 at 5 h, pores slowly started appearing due to the evaporable water during the process of setting, as indicated by the circle. This pore formation was rapid at 24 h, as indicated in Figure 5 .
• By observing the morphology of Mix 5 at 5 h and 24 h, it can be inferred from the highlighted circles that the bundles of CNTs were patched at one point, which clearly exhibits the agglomeration behavior of the non-functionalized CNTs. This is due to the poor bonding of CNTs with cement grains, which resulted in improper dispersion. The same behavior appeared up until the 28th day of hydration.
For Mix 7 at 5 h, it can be observed (highlighted circle) that the bridge-like formation of f-CNTs with hydration products of composites filled the thermal crack that occurred during the setting process. Further, it can be observed in the highlighted circle that a nested formation of cage-like structure occurred at 24 h of hydration in the same mix. This is evidence for the proper dispersion and chelation of CNTs, when functionalized with superplasticizer.
• Further, while comparing Mixes 5 and 7, it can be observed as indicated by the highlighted circles that, in the former case, bundles of CNTs appeared in agglomerated form due to the lack of functionalization. However, in the latter case, a well-co-ordinated and uniformly dispersed f-CNTs-hydration matrix is observed. This proves the effective functionalization of CNTs during cement hydration and its role as a filler and crack-bridging agent, thereby enhancing mechanical strength. Since the durability of the cement composites are largely affected by the presence of the pores or cracks formed at the early stage of hydration, it is necessary to create an in-situ filler or crack-bridging agent, which will automatically take care of the durability of the composites. The observations made in the present study also support the role of f-CNTs as in-situ filler as well as a crack-bridging agent. Hence, the durability of the above composites is taken care of. 
Mechanical Property Analysis
Results obtained from compressive and split tensile strength tests of different types of mortar specimens are shown in Figure 9a ,b, respectively.From the compression tests conducted after 28 days of curing, it is observed that the compressive strength of mortar mixes with 0.025% and 0.05% f-CNTs increased by about 17% and 35%, respectively, compared with the control mix. 
Results obtained from compressive and split tensile strength tests of different types of mortar specimens are shown in Figure 9a ,b, respectively.From the compression tests conducted after 28 days of curing, it is observed that the compressive strength of mortar mixes with 0.025% and 0.05% f-CNTs increased by about 17% and 35%, respectively, compared with the control mix.
Results obtained from compressive and split tensile strength tests of different types of mortar specimens are shown in Figure 9a ,b, respectively.From the compression tests conducted after 28 days of curing, it is observed that the compressive strength of mortar mixes with 0.025% and 0.05% f-CNTs increased by about 17% and 35%, respectively, compared with the control mix. In the case of split tensile strength, the mortar mixes with 0.025% and 0.05% f-CNTs showed an increase of about 77% and 48%, respectively, compared with the control mix, whereas strength is reduced for Mix 8 due to the steric hindrance effect (bundling of nanotubes due to higher concentration) of CNTs in mortar composites, which leads to a weak interface zone. As evidenced from the XRD spectra for Mixes 6 and 7, it is understood that due to the progressive formation of aluminosilicate hydrate on 28th day of hydration, an enhanced strength is noticed compared with the other mixes. SEM studies also support this claim. In general, a reduction in compressive and split tensile strength is observed for the mortars with nf-CNTs compared with mortars containing f-CNTs. A similar trend is observed for all the mortars after 56 days. Visual observations were made In the case of split tensile strength, the mortar mixes with 0.025% and 0.05% f-CNTs showed an increase of about 77% and 48%, respectively, compared with the control mix, whereas strength is reduced for Mix 8 due to the steric hindrance effect (bundling of nanotubes due to higher concentration) of CNTs in mortar composites, which leads to a weak interface zone. As evidenced from the XRD spectra for Mixes 6 and 7, it is understood that due to the progressive formation of aluminosilicate hydrate on 28th day of hydration, an enhanced strength is noticed compared with the other mixes. SEM studies also support this claim. In general, a reduction in compressive and split tensile strength is observed for the mortars with nf-CNTs compared with mortars containing f-CNTs. A similar trend is observed for all the mortars after 56 days. Visual observations were made to identify the crack pattern of f-CNTs and nf-CNTs, and the crack patterns for the mortars were found to be dissimilar.
Failure Analysis
A SEM image of the failed specimen of Mix 6, as shown in Figure 10 , emphasizes the effective reinforcement of CNTs at the interface (marked with arrows) resulting in enhanced mechanical properties compared withthe control mix and mortars containing nf-CNTs. to identify the crack pattern of f-CNTs and nf-CNTs, and the crack patterns for the mortars were found to be dissimilar.
A SEM image of the failed specimen of Mix 6, as shown in Figure 10 , emphasizes the effective reinforcement of CNTs at the interface (marked with arrows) resulting in enhanced mechanical properties compared withthe control mix and mortars containing nf-CNTs. 
Conclusions
In summary, it is concluded that properly functionalized CNTs significantly contribute to the enhancement of the mechanical strength of cement-CNT nanocomposites. Further, functionalization of CNTs with PC is carried out by adopting an optimized sonication method. Zeta potential analysis 
In summary, it is concluded that properly functionalized CNTs significantly contribute to the enhancement of the mechanical strength of cement-CNT nanocomposites. Further, functionalization of CNTs with PC is carried out by adopting an optimized sonication method. Zeta potential analysis shows that the electro-kinetic potential obtained for f-CNTs (0.025%) is −14.9 mV. TEM analysis ensured the proper dispersion of f-CNTs without agglomeration. Mechanical studies confirmed 77% and 48% increases in split tensile strength and 17% and 35% increases in compressive strength after 28 days of curing for Mixes 6 and 7, respectively, compared with the control Mix. Reductions in both compressive and split tensile strengths are noticed for Mix 8; the increased CNTs content probably created a weak interface due to a steric effect. The same trend is maintained up to day 56. SEM analysis of the failed specimen obtained after the split tensile test proves the effective reinforcement of CNTs at the mortar interface. Hence, it is concluded that enhanced mechanical properties of CNTs incorporated into cement mortar can be achieved by promoting the response surface with a suitable chelating agent and proper dispersion methods. During the process, cohesiveness of CNTs with the cement hydrate matrix needs to be ensured for effective reinforcement.
